[1] The present study examines the relationship of ENSO Modoki and canonical ENSO, respectively, with the tropical cyclone ( 
Introduction
[2] The El Niño and Southern Oscillation (ENSO), given its influence on the tropical climate, has significant impact on tropical cyclone (TC) activity in various ocean basins. Previous studies have examined the relationship between ENSO and the TC activity over the western North Pacific (WNP) [e.g., Chan, 2000; Chia and Ropelewski, 2002; Wang and Chan, 2002; Wu et al., 2004; Chen et al., 2006] . It was found that during El Niño years, there is a significant increase in the TC activity in the southeastern quadrant of WNP and a decrease in its northwestern quadrant; this situation is reversed during La Niña years.
[3] Recently, Ashok et al. [2007] have identified episodes of warming in the central Pacific Ocean, referred to as El Niño Modoki. In contrast to the canonical El Niño [e.g., Rasmusson and Carpenter, 1982] , which occurs generally in the cold tongue region of the East Pacific Ocean, El Niño Modoki is characterized by warm sea surface temperature anomaly (SSTA) in the central tropical Pacific flanked by below-normal SSTA on its eastern and western sides. The two types of ENSO can lead to distinct climatic and synoptic variability in the global region. For example, El Niño Modoki is accompanied by two anomalous Walker circulation cells over the tropical Pacific, which is very different from the typical Walker cell perturbation during conventional ENSO events. Teleconnection patterns associated with El Niño Modoki also differ remarkably from those related to the canonical El Niño, giving rise to different geographical distributions of dry/wet conditions along the Pacific rim . Distinct from the impacts of the canonical ENSO and the Indian Ocean Dipole (IOD) events, ENSO Modoki events can significantly influence the storm track activity in the mid latitudes of the Southern Hemisphere and thus reduce the storm-associated rainfall over southeastern Australia during austral winter [Ashok et al., 2009; Cai and Cowan, 2009] .
[4] Kim et al. [2009] have found significant differences between the impacts of the two types of ENSO on TCs in the North Atlantic. However, hitherto there is no study distinguishing the impact of ENSO Modoki on the WNP TC activity from that of conventional ENSO. In fact, many previous studies adopt the Niño-3.4 SST index for identifying ENSO episodes [Chan, 2000; Saunders et al., 2000; Chia and Ropelewski, 2002] . Because of the geographical location of the Niño-3.4 region (170°W -120°W, 5°S-5°N), the use of this index possibly pick up SSTA signals associated with both conventional ENSO and ENSO Modoki, thus mixing up impacts related to the two different types of ENSO. For example, in the summer of 2004 when El Niño Modoki occurred , a record-breaking number of ten typhoons made landfall in Japan [Kim et al., 2005] . However, during the same summer, Niño-3.4 SSTA remained positive, and, based on that, one should expect normal number of typhoons reaching the Japanese Archipelago according to previous studies. This highlights the need to separate the climatic impacts of these two phenomena.
[5] In addition, an increased frequency of El Niño Modoki events has been observed during the past few decades , and the ratio of occurrence of El Niño Modoki events to canonical El Niño events is projected to increase as much as five times under global warming [Yeh et al., 2009] . Therefore, by using different indices to distinguish the two types of ENSO events, this study examines the different impacts of canonical ENSO and ENSO Modoki events on the TC frequency over the WNP, and proposes physical mechanisms responsible for their influences.
Data and Methodology
[6] The TC dataset over the WNP, which spans the period of 1960 to 2008, was obtained from the Joint Typhoon Warning Center (JTWC). Since about 85% of the total annual number of TCs is observed from June to October (JJASO), the present study focuses on this extended period as well as the summer (JJA) and fall (SO) seasons to further explore its seasonal variation. Moreover, only TCs with maximum surface wind greater than 17ms À1 were considered. To examine the geographic distribution of TC formation, the tropical WNP (120°E -180, 0°-30°N) is partitioned into four domains. 150°E and 15°N serve as the borders between the east and west, the south and north, respectively. The northwestern, southwestern, southeastern and northeastern quadrants of the tropical WNP are designated as D NW , D SW , D SE , and D NE , respectively.
[7] The monthly sea surface temperature from the Hadley Center with a 1°Â 1°horizontal resolution, the National Centers for Environmental Prediction (NCEP) -National Center for Atmospheric Research (NCAR) upperair reanalysis with a 2.5°Â 2.5°horizontal resolution from the same 1960 -2008 period were used as observations. The monthly outgoing long wave radiation (OLR) data from the National Oceanic and Atmospheric Administration (NOAA) satellites on a 2.5°latitude -longitude grid from 1980 -2008, which serve as a proxy for deep tropical convection [Liebmann and Smith, 1996] , were also used in this study.
[8] The canonical ENSO can be defined by Niño-3 SST index which is a SSTA averaged over (150°W-90°W, 5°S-5°N). The ENSO Modoki phenomenon is quantified by ENSO Modoki index (EMI) constructed by Ashok et al. (1966, 1967, 1977, 1990, 1991, 1994, 2002, and 2004 ) and canonical El Niño events (1963, 1965, 1969, 1972, 1976, 1982, 1983, 1987, and 1997) , respectively.
Relationships Between Two Kinds of Pacific Ocean Warming and TC Frequency
[9] In order to isolate the impact of ENSO Modoki and canonical ENSO on TC activity, the partial correlations of TC frequency over the whole WNP as well as each domain with the EMI and Niño-3 index during JJASO, JJA and SO seasons are calculated and listed in Table 1 . According to Table 1 , there is a significant correlation between EMI and TC frequency during the period of JJASO. This close relationship is mainly attributed to the correlation during summer (JJA). The correlation is weak during fall (SO). In contrast, Niño-3 index is almost uncorrelated with total TC frequency over the WNP basin. Similarly, an insignificant correlation is also obtained when Niño-3.4 index is used.
[10] Table 1 also shows very different geographic distribution of the correlation between the two types of ENSO events. In D NW region, the correlation between the TC frequency and EMI is positive but weak, while the TC frequency is highly negatively correlated with Niño-3 index during summer and fall. In the southeastern part of the WNP (D SE ), two indices both show significant positive correlations with TC frequency, though the correlation coefficients related to EMI are less than those related to Niño-3 index. In addition, it is noted that, in the northeastern part of the WNP (D NE ), a significant negative correlation is detected for Niño-3 index, but the correlation is positive and insignificant for EMI. It is the reason why an insignificant relationship between the Niño-3.4 index and TC frequency in this region was found in previous studies. The above characteristics suggest the distinct impacts of the two types of ENSO events on the TC frequency.
[11] Since the correlations between TC frequency and these two indices are more significant during summer (Table 1) , the circulation anomalies in JJA are examined in order to understand the impacts of the two types of ENSO events. Figures 1a and 1b show composites of meteorological fields for El Niño Modoki and canonical El Niño events. Although anomalously warm SST is present in the central Pacific during both El Niño Modoki and canonical El Niño events, the SST warming related to the former extends more meridionally and has a weaker zonal and meridional gradients of SST compared to its counterpart during canonical El Niño. The composites of OLR anomalies for the El Niño Modoki and canonical El Niño years from 1980 onwards are also given in Figure 1 . For clarity, OLR anomalies are smoothed by applying a T15 truncation in order to remove smaller-scale features and to highlight the broad-scale convection pattern. Enhanced convection related to El Niño Modoki dominates a large fraction of tropical WNP spanning from the South China Sea to east of the dateline, while suppressed convection is found over the central-to-western maritime continent, as well as over eastern China, Korea and Japan. In contrast, the anomalous convection related to canonical El Niño is found to the east of 150°E with the center at 170°W. The convection just to its north is suppressed, which might be associated with sinking motion induced by strong positive heating over the equatorial Pacific. It is noteworthy that the strong anomalous OLR is zonally elongated and forms a meridional dipole pattern over the tropical WNP, which is distinct from the counterpart related to El Niño Modoki. In response to anomalous heating associated with different types of ENSO, the 850-hPa wind anomalies also exhibit markedly different patterns. During the El Niño Modoki years, low-level westerly anomalies dominate the tropical WNP attaining their maximum near 140°E and meridionally extend to 15°N, which results in a large-scale anomalous cyclone to the southeast of Japan. Comparatively, during the canonical El Niño years, enhanced westerly anomalies at 850hPa are confined to the equatorial region south of 10°N, and moreover, their maximum shifts eastward beyond the dateline. This pattern is favorable for TC formation in the southeastern portion of WNP. On the other hand, accompanying the zonally elongated suppressed convection, the anomalous anticyclone prevails to the south of Japan during the canonical El Niño years, which is very different from the El Niño Modoki case. The anticyclonic flow anomaly is less conductive to TC genesis, leading to a significant negative correlation between TC frequency in the north portion of the WNP and Niño-3 index.
Results From a Simple Baroclinic Model
[12] To further delineate the relationship between circulation anomalies and heating for the two types of ENSO events, two numerical experiments using a simple baroclinic model are conducted to examine the atmosphere responses to different heating sources in the presence of the same realistic mean state. The model is constructed based on the dynamic core of the Geophysical Fluid Dynamics Laboratory AGCM [Held and Suarez, 1994; Wang et al., 2003] . It has equally distributed five sigma levels and a horizontal resolution of T42 is adopted.
[13] The model is linearized about a realistic threedimensional summer mean (JJA) basic state, but otherwise retains full nonlinearity in the second order perturbation terms of the prediction equations. The basic state is taken from the long-time mean of the NCEP-NCAR reanalysis by linearly interpolating from the original standard pressure level data to the model sigma levels. Assuming a consistency between the distribution of the heating and OLR anomalies, the horizontal heating profiles are prescribed based on the OLR anomalies. To remove the effect of heating outside of the region of interest on large-scale circulation over the WNP and extract major features of the forcing, the anomalous OLR field is set to zero outside of the region (110°E -130°W, 10°S-30°N) , and then truncated to T15 resolution in the same way as described in Section 3. Finally, the above-processed OLR anomalies are normalized by dividing by À9 W m À2 which is the minimum OLR value during El Niño Modoki, and multiplied by 0.6 K day À1 to obtain the heating profiles for two numerical experiments corresponding to El Niño Modoki and cannocial El Niño events. The maximum heating is set at the level s = 0.5. The amplitudes are reduced by a factor of 2 at s = 0.3 and s = 0.7 and by a factor of 5 at s = 0.1 and s = 0.9. This heating profile is approximately equivalent to 1.0 mm of precipitation per day basically in agreement with the observed anomalous precipitation [e.g., Jin and Hoskins, 1995; Annamalai and Sperber, 2005, Ashok et al., 2007] .
[14] The integration results at day 30 are shown as the steady responses to prescribed heating sources. Figures 2a  and 2b depict the prescribed heating profiles imposed at s = 0.5 and the 850-hPa anomalous winds induced by heat sources for the El Niño Modoki experiment (ENM-exp) and the canonical El Niño experiment (CEN-exp) . The heating profiles are almost consistent with those of OLR anomalies with slight differences near the domain boundaries.
[15] It can be seen that the simulated 850-hPa wind responses are in good agreement with the observed (Figure 1 ). In the ENM-exp (Figure 2a) , a large-scale cyclonic circulation anomaly induced by zonally and meridionally extended heating dominates a large fraction of WNP. In other words, such a heating pattern leads to low-level positive vorticity anomalies over a large domain. This explains why there is an enhancement of TC occurrence in most domains of the WNP during El Niño Modoki years and therefore a significant correlation between TC frequency and EMI over the whole WNP (Table 1) . On the other hand, in the CEN-exp, the positive heating near the equator is stronger and is shifted eastward, while a negative heating anomaly centered at about 20°N exists over WNP. Consistent with such a cooling perturbation, an anticyclonic response in the low level is found north of 10°N over the WNP. The northeasterly wind related to this anticyclone penetrates into the deep Tropics and merges with the equatorial westerlies, forming a cyclonic shear pattern over near-equatorial WNP. Therefore, it is a meridional dipole of low-level circulation anomaly (cyclonic anomaly in the southeast part, anticyclonic anomaly in the northern part) over WNP that accounts for the significant negative correlation in the northern portion and significant positive correlation in the southeastern portion of the WNP between TC frequency and the Niño-3 index. Moreover, due to the mutual cancellation between enhanced and reduced TC frequency in the different domains, there is a weak relationship between total TC frequency over the whole WNP basin and canonical ENSO.
[16] In order to substantiate the importance of the heating sink to the north of the equatorial heating source in the development of anticyclonic circulation anomaly during the canonical El Niño years, a sensitive experiment (CENexp-2) is conducted, in which the negative heating anomaly in the region (135°E -140°W, 10°-30°N) is removed. The simulated results (Figure 2c) show that the original 850-hPa anticyclonic circulation anomaly vanishes, and even the cyclonic shear near the equator is weakened due to the disappearance of the northeasterlies related to the anticyclonic circulation anomaly. This suggests that the negative heating anomaly located in the subtropics during the canonical El Niño years plays a decisive role in inducing and maintaining the anticyclonic anomaly over the northern part of the WNP.
Concluding Remarks
[17] Using the NCEP reanalysis variables and TC dataset for the period 1960 -2008, the present study examines the different impacts of ENSO Modoki and canonical ENSO events on TC frequency over WNP during boreal summer and fall. Different from the Niño-3.4 index which may mix up eastern Pacific warming and central Pacific warming, EMI and Niño-3 index can distinguish two types of Pacific warming events. The results show that TC frequency in the WNP basin is significantly positively correlated with EMI during JJA. On the contrary, the relationship of TC frequency and Niño-3 index becomes weakened owing to mutual cancellation between enhanced and reduced TC frequency in the different domains. Less TCs occur in the northern part of WNP, while more TCs form in the southeastern part of WNP during the canonical El Niño years. These differences can be attributed to the different largescale circulation anomalies between the two types of ENSO events. An anomalous cyclonic circulation in response to a broad heating source dominates over the WNP during the El Niño Modoki years. In contrast, in response to the a zonally elongated and meridional dipole pattern of heating over the WNP during the canonical El Niño years (heating source being located in the equatorial central Pacific and heating sink just north of it), an anomalous anticyclonic circulation persists in the subtropics, while an cyclonic shear associated with the equatorial westerly anomalies is dominant in the southeast part of the WNP.
[18] A baroclinic numerical model is used to validate the relationship between wind anomalies and heating forcing. A realistic summer (JJA) mean state serves as the basic state. The heating source/sink, whose profiles are similar to those of the observed OLR anomalies, is prescribed to force the atmosphere in the presence of the same realistic mean state. The simulated results are qualitatively consistent with the observed, suggesting that the different distributions of heating related to two types of ENSO events can play essential roles in the distinct modulations on the TC frequency over the WNP basin. In the end, it is worthwhile noting that, with a probable increasing tendency of El Niño Modoki occurrence in terms of observed data and scenario simulation under climate change projections, the present results urge that the modulation of ENSO Modoki on TC activity should be taken into account in TC activity prediction in the context of global warming.
